Methods for the storage and supply of pure H2 are proposed based on the reduction of iron oxide with H2 (Fe3O4 + 4H2 3Fe + 4H2O) followed by the oxidation of the iron metal with H2O (3Fe + 4H2O Fe3O4 + 4H2). In addition, production of pure H2 from CH4 is proposed based on the reduction of iron oxides with CH4 (Fe3O4 + CH4 3Fe + CO2 + 2H2O) and the subsequent oxidation of iron metal with H2O (3Fe + 4H2O Fe3O4 + 4H2). Iron oxides without other metal elements were deactivated quickly during these redox cycles due to sintering irrespective of the reductant (H2 or CH4). The addition of metal cations such as Al, Sc, Ti, V, Cr, Ga, Zr or Mo cations mitigated the sintering of iron oxides and/or iron metals during repeated redox cycles. The addition of metal species such as Cu, Ni, Pt and Rh promoted the reactivity of iron oxides in the redox reaction at lower temperatures. The favorable effects of the addition of these metal species on the redox of iron oxides were observed for both reduction with H2 or with CH4. Therefore, iron oxide modified with these cations and metals can supply pure H2 continuously throughout these redox cycles. The favorable effects of the metal species added to iron oxides were investigated based on the local structures.
Introduction
H2 _ O2 fuel cells are environmentally benign and highly efficient systems for converting the chemical energy of H2 directly into electricity. Therefore, the use of H2 in fuel cell vehicles and stationary fuel cell equipment is expected to increase dramatically in the near future. Polymer electrolyte fuel cells (PEFCs) are most promising of the various types of fuel cells due to the high power density and quick start-up. However, widespread use of H2 for fuel cells will require well-ordered infrastructures to transport, store, and distribute H2 in time and space between the points of production and end use. One of the major obstacles to the use of H2 as energy carrier is the lack of safe, efficient, environmentally benign, and low cost storage systems suitable for stationary and mobile applications. Various methods have been proposed and are being developed for the direct or indirect storage of H2. H2 can be stored physically by changing its phase using temperatures and pressures, or chemically in various solid and liquid compounds such as metal hydrides, hydrogen absorbing alloys, carbon nanotubes, sodium borohydride, and hydrocarbons 1) . The H2 storage sys-tem will be determined by taking into account various criteria at the current stage of development of related technologies. The criteria include the transport and distribution infrastructure, handling safety, cycle life, safety in use, environmental impact of the storage materials, and economic factors. For example, the storage of H2 on PEFC vehicles, one of the most challenging and competitive technologies, requires high H2 density, nontoxicity, safe handling, prevention of explosion during collisions, short refueling time, and low cost.
We have proposed a simple, safe, and environmentally benign technology for the storage, transport and supply of H2 to PEFCs 2) . The technology is based on a very simple redox reaction between magnetite and iron metal.
Step 1 (storage of H2): Fe3O4 + 4H2 3Fe + 4H2O (1) Step 2 (recovery of H2):
3Fe + 4H2O Fe3O4 + 4H2 (2) Fe3O4 is reduced with H2 into iron metal according to Eq. (1) and H2 is recovered through the oxidation of iron metal with H2O according to Eq. (2), i.e. H2 is stored chemically as iron metal in our method. Our technology depends on the cheap availability of H2 from natural gas, liquefied petroleum gas (LPG), or gasoline by steam reforming and partial oxidation at suburban sites or local refueling stations. Fe3O4 is first reduced with H2 at the local H2 production plants. Then, the reduced iron oxide (mainly iron metal) is packed in cassettes. The cassettes will be transported to the local refueling stations and provided to stationary or mobile PEFCs. Addition of H2O to the cassettes would produce pure H2 and regenerate Fe3O4. The H2 could be supplied directly to the PEFCs, because the H2 contains no CO. This is important because CO at > 20 ppm impurity level would strongly poison electro-catalysts at the anode of PEFCs. The used cassettes with Fe3O4 can be exchanged for the new ones containing iron metal at the refueling stations. The Fe3O4 can be recycled many times. The theoretical amount of H2 chemically stored is 1.33 moles per one mole of iron, which corresponds to 4.8 wt% of iron metal and to 4.2 kl (STP) H2 per 1 l of iron metal, assuming that the iron metal has no porosity. Therefore, the storage capacity of iron metal is relatively high compared to that of presently available hydrogen absorbing alloys with capacities of 1.4 wt% for LaNi5 and 3.6 wt% for Mg2Ni. The iron metal and iron oxides are nontoxic and quite cheap, as well as stable in air at room temperature, so are easy to handle. Moreover, since the coreactant is just H2O, there is no danger of explosion if the iron metal-powered PEFC vehicles collide.
The principle of our technology is analogous to the old steam iron process which was extensively studied by the Institute of Gas Technology for the production of H2 rich fuel gas at high temperatures > 1073 K and pressures > 70 bar (1 bar = 10 5 Pa) using a gas mixture of CO, CO2 and H2 from coal and biomass for the reduction of iron ores 3) . In addition, sequential production of synthesis gas and H2 was proposed by the reduction of Fe3O4 with CH4 (4CH4 + Fe3O4 3Fe + 8H2 + 4CO) and the subsequent oxidation of iron metal with H2O (4H2O + 3Fe 4H2 + Fe3O4) 4) . This assumed that the energy needed for the reduction and the oxidation of iron samples would be supplied from concentrated solar infrared radiation. However, these processes have to be performed at temperatures higher than 1000 K, since the formation of synthesis gas from Fe3O4 and CH4 is favorable at temperatures higher than 1000 K according to the thermodynamic equilibrium. Generally speaking, the sintering of iron species during the redox reaction occurs more easily at higher temperatures. Therefore, the redox of iron oxides should be performed at temperatures as low as possible to prevent the sintering of the iron oxide. The redox of iron oxides at lower temperatures is preferable for the storage and the supply of pure H2 to PEFC from the economic viewpoint.
In this short review, we summarize our work related to the development of iron oxides effective for the storage and supply of pure H2 through redox reactions at lower temperatures.
Iron Oxides for the Storage and Supply of Pure H2

1. Modification of Iron Oxide Mediators
The program of our work for the storage and the supply of pure H2 through the redox of iron oxides was started by developing iron oxide mediators which can be reduced with H2 and subsequently oxidized with H2O at temperatures as low as possible. The iron metal and iron oxide powders commercially available do not react efficiently in the redox cycle with H2 and subsequently with H2O at temperatures < 673 K, because of the low specific surface area. Therefore, we prepared iron oxides from Fe(OH)3 that was precipitated from an aqueous solution of Fe(NO3)3 during the hydrolysis of urea at 363 K 5) . These reactions can be written as follows.
(NH2)2CO + 3H2O Figure 1 shows scanning electron microscope (SEM) images of commercially available Fe2O3 (image (a)) and Fe2O3 prepared with our precipitation method (image (b)) 5) . Many particles with relatively uniform diameters of 20-30 nm are present in the SEM image (b) of the iron oxides prepared with the precipitation method, whereas commercially available iron oxide (Fe2O3) consisted of particles larger than 100 nm. The specific surface area was estimated to be 2 m 2 g −1 by BET method for the commercially available sample and 20 m 2 g −1 for the sample prepared with precipitation method. These results indicate that the precipitation method of Fe(OH)3 provided iron oxide particles with smaller diameters and larger surface areas. Figure 2 shows the results for the redox of pure iron oxides prepared with the precipitation method 6) . Iron species in the fresh iron oxide samples were present as Fe2O3. Fe2O3 in the fresh sample was reduced with H2 into Fe metal at the first reduction. The iron metals were oxidized with H2O into Fe3O4 in the first oxidation. The oxidation of iron metal with H2O to Fe2O3 is thermodynamically impossible. In the second and subsequent cycles, the redox cycles passed between Fe3O4 and Fe metal. The redox of the iron oxide was performed with a conventional closed gas circulation system.
An example of the redox performance of iron oxide is shown in Fig. 2 . The reduction degree of iron oxides was defined based on the number of oxygen atoms in Fe2O3, i.e., the reduction degrees of Fe2O3, Fe3O4 and Fe metal corresponds to 0, 13.3 and 100%, respectively. The reduction degree of iron oxides was plotted against reaction time in Fig. 2 . The fresh hematite sample (Fe2O3; reduction degree = 0%) was reduced with H2 to a reduction degree of 80% in the first reduction and the reduced sample was oxidized with H2O back to a reduction degree of 30% in the first oxidation. In the second and subsequent cycles, the redox of the iron oxide samples repeated between reduction degrees of 30 and 80%. The reduction degree of the iron oxide sample in Fig. 2 changed from 0 to 80% after 42 min in the first reduction. After reduction with H2, contact of H2O with the reduced iron oxide samples evolved H2 efficiently. The reduced iron oxide was oxidized with H2O to a reduction degree of 30% after 10 min. After the second cycle, the rate of reduction of the sample with H2 did not change significantly. However, the iron oxide sample was considerably deactivated for the oxidation with H2O. The sample was oxidized to a reduction degree of 30% within 10 min in the first cycle, whereas the second oxidation of the sample required 30 min. In the third cycle, the reduced iron oxide sample could not be oxidized to the reduction degree of 30%. A SEM image of the iron oxide sample after the three redox cycles in Fig. 2 is shown in Fig. 1(c) 5) . SEM images (b) and (c) indicate that iron oxide particles with diameters of 20-30 nm in the fresh iron oxide sample were remark-ably aggregated after three redox cycles to form particles with diameters > 100 nm. These results indicate that pure iron oxides cannot be used repeatedly for the storage and supply of H2 with redox reactions because of the serious sintering of the iron metal and/or Fe3O4 particles.
The sintering of iron species (iron metals and/or iron oxides) during the redox cycles was mitigated by the addition of other metal cations 5),6) . The iron oxide samples containing other metal cations were prepared with the co-precipitation method from an aqueous solution of Fe(NO3)3 containing metal salts during the hydrolysis of urea at 363 K. The amount of metal cations (M) added to the iron oxide samples was adjusted to 3 mol% of all metal cations (M/(M + Fe) = 0.03 as mole ratio). Iron oxide samples without and with metal cations (M) are denoted as FeOx and M _ FeOx, respectively. Figure 3 shows the results of the reduction with H2 at 603 K and the subsequent oxidation with H2O at 653 K for FeOx, Cr _ FeOx, Ga _ FeOx and Zr _ FeOx 6) . The change in the reduction degree of iron oxides is plotted as a function of reaction time in Fig.  3 . The repeated redox reactions of these iron oxide samples were performed with a closed gas circulation system. The reduction rates for Cr _ FeOx, Ga _ FeOx and Zr _ FeOx were slower than that for FeOx in the first reduction. In particular, the reactivity of Cr _ FeOx and Ga _ FeOx for the first reduction with H2 was extremely low. However, the reduction rates for Cr _ FeOx, Ga _ FeOx, and Zr _ FeOx improved considerably with repeated cycles, whereas the reduction of FeOx decelerated with repeated cycles. The formation rate of H2 through the oxidation of the reduced samples with H2O was also improved by the addition of these cations into FeOx. The oxidation rates of Cr _ FeOx and Ga _ FeOx in the first cycle were faster than that for FeOx, although the rate for Zr _ FeOx was slower than that for FeOx. The oxidation rates of Cr _ FeOx, Ga _ FeOx and Zr _ FeOx accelerated with repeated cycles, whereas FeOx was deactivated continuously subsequent to the first oxidation. The effects of additives other than Cr, Ga and Zr cations on the repeated redox of the iron oxide samples were also investigated. Figure 4 shows the consumption rates of H2 during reduction and the formation rates of H2 during oxidation of each iron oxide sample 6) . The consumption rate and the formation rate of H2 were evaluated from the average rate estimated in the changes of the reduction degree between 35 and 50%, and between 70 and 55%, respectively. The consumption rate of H2 for the second reduction of FeOx was higher compared to the first run, but the rate was decelerated in the second and subsequent cycles. On the other hand, the consumption rates of H2 during the reduction of FeOx with Mg, Al, Sc, Ti, V, Cr, Ga, Y, Zr, Nb, Mo or Ce cations improved gradually with repeated cycles, although the rates in the first reduction of these samples were slower than that of FeOx in the first reduction. In contrast to the iron oxide samples containing these metal cations, addition of Co, Ni or Cu into FeOx enhanced the consumption rate of H2 significantly in the first reduction, but these samples were deactivated quickly for the reduction with H2 after the second cycle. On the other hand, the formation rates of H2 for FeOx samples containing Al, Sc, Ti, V, Cr, Ga, Zr or Mo cations remained high during three redox cycles, whereas FeOx without additives was deactivated gradually for H2 formation with repeated cycles. The addition of Co, Ni and Cu to FeOx was effective for the first oxidation, but these cations promoted the deactivation of the iron oxide samples for H2 formation. From the results described above, the iron oxide samples with Al, Sc, Ti, Cr, Ga, Zr and Mo cations were the most promising mediators for the storage and the supply of H2 through reduction with H2 and subsequent oxidation with H2O.
Activation of the Mediators
The storage and supply of H2 through reduction of iron oxides with H2 and subsequent oxidation of iron metals with H2O should be performed at temperatures as low as possible. As described earlier, addition of Al, Sc, Ti, Cr, Ga, Zr and Mo cations to the iron oxides prevented deactivation for the repeated redox cycle. However, addition of these cations did not enhance the formation of H2 through oxidation with H2O at lower temperatures (< 573 K), as will be described below. In contrast, we have found that addition of precious metals such as Pt, Rh, and Ir to the iron oxide promoted reduction with H2 and subsequent oxidation with H2O at lower temperatures 7) . Figure 5 shows the change in the formation rates of H2 as a function of temperature in the oxidation with H2O of FeOx, Mo _ FeOx, Rh _ FeOx, and Rh _ Mo _ FeOx 7) . The redox cycles for the iron oxide samples were performed with a conventional gas-flow system under the following conditions. For reduction with H2, H2 was passed over the iron oxide samples at 473 K and the temperature was increased linearly to 823 K at 3 K min −1 . For oxidation with H2O, H2O diluted with Ar was passed over the reduced iron oxide samples at 373 K and the temperature was increased linearly to 873 K at 4 K min −1 . Five redox cycles were repeated for all the samples except for Rh _ FeOx. The results of the first oxidation run, the third run, and the fifth run are shown in Fig. 5 . Formation of H2 by the oxidation of FeOx with H2O was observed at temperatures > 550 K and the formation rate of H2 increased with temperature. However, FeOx was deactivated dramatically for H2 formation in the second and subsequent cycles, as already described in Figs. 2 and 3 . The formation rate of H2 in the temperature range of 550-800 K for the third and the fifth oxidation of FeOx was very low. As for the first oxidation of Mo _ FeOx, the formation of H2 started at a similar temperature range (> 550 K) to that for FeOx. However, the formation rate of H2 in the at 673 K and subsequent oxidation with H2O at 673 K for Rh _ Mo _ FeOx showed that the amount of H2 formed in the oxidation with H2O remained high (H2/Fe > 1.1) at least for five cycles (results not shown). The addition of Ni or Cu instead of Rh also promoted the reduction of iron oxides with H2 and the subsequent oxidation of iron metals with H2O at low temperatures < 573 K.
Conversion of CH4 to Pure H2 by Redox of Iron Oxides
As described earlier, iron oxides modified with other metal cations can store and supply pure H2 through reduction with H2 and subsequent oxidation with H2O. However, the method requires the supply of inexpensive pure H2 for the reduction of iron oxides into iron metals. H2 is produced through the steam reforming of CH4, the main component of natural gas, followed by the water gas shift reaction of CO. Steam reforming of CH4 is usually performed at temperatures > 1000 K and the highly endothermic reaction requires a large energy input. Reduction of the iron oxides using CH4 and subsequent generation of pure H2 through the oxidation of iron metals with H2O would be more attractive, because this will bypass the H2 production process, i.e. the steam reforming of CH4. In addition, this method can produce pure H2 from CH4 without any purification processes, whereas the H2 formed through the steam reforming of CH4 followed by the water gas shift reaction of CO contains 20 vol% of CO2 and 1-2 vol% of CO. Figure 6 shows the change in the formation rates of COx (a) (sum of the formation rates of CO and of CO2 × 2) during reduction with CH4 of the different iron oxides and the formation rates of H2 (b), CO (c) and CO2 (d) during the oxidation with H2O 8) . The reaction was performed with a conventional gas-flow system under the following reaction conditions. For the reduction, CH4 was passed over the iron oxide at 473 K and the temperature increased linearly to 1023 K at 3 K min −1 . For the oxidation, H2O diluted with Ar was passed over the reduced samples at 473 K and the temperature increased linearly to 823 K. Formation of CO, CO2, H2O, and H2 was analyzed by a gas chromatograph during the reduction. However, quantitative analysis for the formation of H2O was not satisfactory in the present study. Therefore, the formation rate of COx (sum of the formation rate of CO and that of CO2 × 2) was utilized as an index of the reactivity of each iron oxide for reduction with CH4. The reactivity of FeOx for reduction with CH4 was very low at temperatures < 1023 K as shown in Fig. 6(a) . As described earlier, metal cations such as Al, Cr and Mo prevented the deactivation of iron oxides during the redox reaction (Fe3O4 + 4H2 3Fe + 4H2O). However, the addition of Cr into FeOx did not improve the reactivity for reduction with CH4 at lower temperatures as shown in Fig. 6(a) 6(c) and (d) , whereas the amounts of CO and CO2 formed by Rh _ Cr _ FeOx and Pt _ Cr _ FeOx were very small. CO and CO2 were probably formed by the gasification with H2O of carbon deposited on the iron oxide during reduction with CH4. However, the formation of CO and CO2 during the oxidation of Cu _ Cr _ FeOx and Ni _ Cr _ FeOx with H2O was negligible when the redox cycles were repeated, as described below. Figure 7 shows the change in the formation rate of COx (a) during reduction with CH4 and the formation rate of H2 (b), CO (c) and CO2 (d) during oxidation with H2O for Cu _ Cr _ FeOx plotted as functions of temperature 9) . Seven redox cycles were repeated under the same conditions as those in Fig. 6 . In the first reduction of Cu _ Cr _ FeOx, formation of COx was observed at temperatures > 900 K and the formation rate of COx reached the maximum at around 1000 K. The peak for the formation of COx shifted gradually to lower temperatures with repeated cycles. These results indicate that Cu _ Cr _ FeOx was reduced with CH4 more easily with repeated cycles. In the oxidation of Cu _ Cr _ FeOx with H2O, H2 was formed at temperatures > 560 K in the first cycle. In the second and subsequent oxidation of Cu _ Cr _ FeOx with H2O, reproducible kinetic curves for the H2 formation were observed. The amount of H2 formed in each oxidation of Cu _ Cr _ FeOx with H2O was maintained at H2/Fe = ca. 1.3 during the seven cycles. CO and CO2 were also formed in addition to H2 in the first and the second oxidation of Cu _ Cr _ FeOx. However, no formation of CO or CO2 was observed at all (detection limit of CO and CO2 = ca. 50 ppm) in the third and subsequent oxidation of Cu _ Cr _ FeOx with H2O. These results indicate that Cu _ Cr _ FeOx can form pure H2 repeatedly with high reproducibility through reduction with CH4 and subsequent oxidation with H2O. We also confirmed that Ni _ Cr _ FeOx is an effective mediator for the formation of pure H2 from CH4 10) .
Role of Additives in the the Redox Reactions of Iron Oxide
As described earlier, the addition of Al, Sc, Ti, Cr, Ga, Zr or Mo cations prevented the deactivation of iron oxide samples during repeated redox cycles. The addition of metal species such as Cu, Ni and Rh promoted the reduction with H2 or CH4 and the subsequent oxidation with H2O at low temperatures. Therefore, the role of these additives on the redox of the iron oxide samples was examined. Figure 8 shows SEM images of Cr _ FeOx, Mo _ FeOx, and Ni _ FeOx before and after the three redox cycles of reduction with H2 at 603 K and oxidation with H2O at 653 K 5), 6) . The SEM images of all the fresh samples show that the size of the particles is relatively uniform, i.e. diameters of 20-30 nm, regardless of the type of added cations. The particle sizes of Cr _ FeOx and Mo _ FeOx did not change appreciably after three redox cycles, whereas that of FeOx without additives was enlarged due to aggregation after three redox cycles, as already shown in Fig. 1 . The SEM images for the iron oxide samples with Al, Sc, Ti, Ga or Zr cations also showed that the iron species in these samples were not aggregated significantly after the repeated redox cycles 5), 6) . In contrast to Cr _ FeOx and Mo _ FeOx, particles of iron species with diameters larger than 200 nm were observed in the SEM image of Ni _ FeOx after three redox cycles 5),6) . As described earlier, the addition of Cr and Mo cations prevented the deactivation of the iron oxide samples for the repeated redox, whereas Ni addition aggravated the deactivation of the sample. Thus, additives such as Al, Sc, Ti, Cr, Ga, Zr and Mo cations mitigate the sin-tering of iron metals and/or iron oxides during repeated redox cycles. Figure 9 shows the specific surface areas of FeOx, Al _ FeOx, Cr _ FeOx, and Mo _ FeOx before and after three redox cycles of reduction with H2 at 823 K and subsequent oxidation with H2O at 873 K 6) . The specific surface areas of the fresh Al _ FeOx, Cr _ FeOx and Mo _ FeOx were larger than that of fresh FeOx. After three redox cycles, the specific surface areas of all the iron oxide samples had decreased significantly. However, the surface areas of the iron oxide samples with Al, Cr and Mo cations were remarkably larger than that of FeOx after three redox cycles. These results strongly support the idea that the addition of Al, Cr or Mo cations into the iron oxide samples mitigates the sintering of iron metals and/or iron oxides during the repeated redox cycles.
The local structures of additives in the iron oxide samples were investigated by measuring X-ray absorp-383 J. Jpn. Petrol. Inst., Vol. 47, No. 6, 2004 Left images, fresh iron oxide samples; right images, iron oxide samples after three redox cycles. tion near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra. XANES and EXAFS spectra of Cu _ Cr _ FeOx were measured after reduction with CH4 at 923 K and after the subsequent oxidation with H2O at 773 K. Figure 10 shows the Cu K-edge XANES spectra of Cu _ Cr _ FeOx before and after the redox reaction as well as the spectrum of Cu foil 9) . XANES spectra of all the Cu _ Cr _ FeOx samples were similar irrespective of the treatment. The XANES spectra of Cu _ Cr _ FeOx were consistent with that of Cu foil. These results indicated that Cu species in Cu _ Cr _ FeOx were always present as Cu metal crystallites during the repeated redox cycles. Figure 11 shows Fourier transforms of the Cr Kedge k 3 -weighted EXAFS spectra of Cu _ Cr _ FeOx after reduction with CH4 and after oxidation with H2O 9) . The features of Cr K-edge EXAFS for all the Cu _ Cr _ FeOx samples were similar irrespective of treatment. These results suggest that the local structure of Cr species in Cu _ Cr _ FeOx did not change appreciably during the repeated redox cycles. A strong peak at 1.7 Å (1 Å = 10 −10 m) was observed for all the spectra of Cu _ Cr _ FeOx. The peak at 1.7 Å in the Fourier transforms of EXAFS was analyzed by curve-fitting methods to evaluate the structural parameters for Cr species in Cu _ Cr _ FeOx. The results of the curve-fitting suggested that Cr species in Cu _ Cr _ FeOx were always surrounded by six oxygen atoms, i.e., an octahedral CrO6. Cr K-edge XANES spectra for the same samples also suggested that Cr species in Cu _ Cr _ FeOx were always present as octahedral Cr 3+ O6 (spectra not shown) 9) . Cr cations doped into iron oxides form ferrites of the formula CrxFe3−xO4, in which Cr 3+ cations are stabilized as octahedral CrO6 on the B site in the ferrites 11) . Taking these results into consideration, we concluded that Cr cations in Cu _ Cr _ FeOx are always present as octahedral CrO6, and located on the B site in the ferrites CrxFe3−xO4. The local structures of additives in Ni _ Cr _ FeOx, Rh _ Ga _ FeOx and Rh _ Mo _ FeOx were also investigated by XANES and EXAFS 12), 13) . The Cr, Ga and Mo cations, which prevented the sintering of iron metals and/or iron oxides during the repeated redox, were contained in the ferrite lattice, and stabilized at the A and/or the B sites. Therefore, a small fraction of the iron species in the iron oxide remained as ferrite containing these metal cations even after reduction with H2 or CH4, although most of the iron species in the samples were reduced into iron metal. The ferrites containing foreign metal cations such as Cr, Ga and Mo were always localized on the surface of the iron oxide samples after reduction with CH4 or H2 based on the results of adsorption of H2 on the reduced iron oxide samples containing these cations 12) . Contact between the iron metal particles during redox at higher temperatures is likely to result in sintering. However, we believe that the ferrites localized on the surfaces of the iron oxide samples must inhibit the contact between iron metal particles during the redox reactions, and so the additives such as Cr, Ga and Mo cations prevented the sintering of iron metals during the repeated redox cycles.
The local structures of metal species such as Ni, Cu and Rh, which promoted the redox of iron oxides at lower temperatures, were also investigated by spectroscopic methods. XANES and EXAFS spectra for Ni in Ni _ Cr _ FeOx and for Rh in Rh _ Ga _ FeOx and Rh _ Mo _ FeOx suggested that these metal species were always present as zero-valent metallic states during the redox cycle 12), 13) . Ni species in Ni _ Cr _ FeOx were present as Ni metal crystallites after oxidation with H2O, but were stabilized as Ni _ Fe alloys after reduction with H2 or CH4. Rh species in Rh _ Cr _ FeOx were present as Rh _ Fe alloys after reduction with H2 or with CH4 and formed Rh metal crystallites after the oxidation with H2O. As described earlier, the addition of metal species such as Cu, Ni and Rh promoted the reduction with H2 or CH4 and the subsequent oxidation with H2O at lower temperatures. Therefore, these metal species acted as active sites for H2 or CH4 during reduction and H2O during oxidation.
Summary
Pure H2 can be chemically stored and recovered through the reduction of iron oxides with H2 (Fe3O4 + 4H2 3Fe + 4H2O) and the subsequent oxidation of iron metal with H2O (3Fe + 4H2O Fe3O4 + 4H2). In addition, pure H2 can be produced from CH4 through the reduction of iron oxides with CH4 (Fe3O4 + CH4 3Fe + CO2 + 2H2O) and the subsequent oxidation of iron metal with H2O. Metal cations such as Al, Cr and Mo mitigated the sintering of iron metals and/or iron oxides during the repeated redox. The addition of metal species such as Cu, Ni and Rh promoted the redox of iron oxides at lower temperatures. Iron oxides modified with these metal species can supply pure H2 through repeated redox cycles. 
